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Abstract. A compact extended bandwidth UWB microstrip 
antenna is designed utilizing metamaterial (MTM) double-
side planar periodic structures. The proposed antenna 
comprises two MTM unit cells made by etching X-shaped 
slots on the main radiating patch, and four slots at the 
vertices of a square periodically repeated in two-dimen-
sions on the ground plane. The proposed antenna fabri-
cated on 1.6 mm low-cost FR4 substrate is compact, meas-
uring 27.6 × 32 mm2, with relative permittivity of 4.5 and 
loss tangent of 0.02. It has a broad bandwidth covering 3.2 
to 23.9 GHz, with a peak gain of 6.2 dB at 8.7 GHz.  The 
antenna has good radiation characteristics for UWB appli-
cations. The measured return loss (S11) of the test antenna 
fabricated for this study was in good agreement with the 
simulated results. 
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1. Introduction 
Ultra-wideband (UWB) technology is a type of wire-

less communication technology which has received much 
attention in a wide range of applications. With wireless 
communications experiencing vast growth recently, wide 
bandwidth antennas are always in demand because differ-
ent UWB applications can be addressed using a single 
antenna. Microstrip patch antennas have long been used in 
a wireless communication because of their low cost, light 
weight, simplicity and low profile - features that make 
them attractive for various applications [1], [2]. Many ap-
proaches have been used to enhance the bandwidth of patch 
antennas, such as by obtaining good impedance matching 
between the feeding line and the radiating element [3], [4]. 
Another approach involves electromagnetic band-gap 
structures coupled to the main patch [5]. 

In the 1980s, Yablonovitch [6] and John [7] produced 
the first 3-D periodic structures that were electromagnetic 
band gap (EBG) structures constructed from periodic lat-

tices. In recent years, patch antennas have been incorpo-
rated with EBG structures to enhance antenna performance 
by surface-wave suppression, and are used as ground 
planes in low profile designs [8], [9]. When some of such 
structures are engraved, the result is generally an equiva-
lence of capacitance or inductance. For example, if we 
want to make series capacitors, the easiest way is to en-
grave a slit on the patch which then performs like a series 
capacitor. On the other hand, the EBG technique enables 
enhancement of patch antenna bandwidth besides improv-
ing their radiation pattern, increasing gain, and reducing the 
side lobe and back lobe levels [10–12]. There is still ongo-
ing research for solutions to improve the bandwidth for 
patch antennas [13]. One such approach is the incorpora-
tion of MTM in either the top or bottom layer of the an-
tenna to exploit the unusual properties of metamaterials to 
change certain of the antenna features. 

In this paper, the proposed antenna covers the C-band, 
X-band, and Ku-band. The overall size of the antenna is 
small compared to others presented in [14], [15], and has 
impedance bandwidth wider than that proposed in [16–18]. 
Through this study, left-handed metamaterials (LHM) in 
two-dimensional (2D) configurations based on two differ-
ent types of unit cells are presented. The first cell is etched 
on the radiating patch and the other cell is implemented on 
the ground plane. The cell incorporated on the patch is 
an X-shaped etching, repeated and arranged in two dimen-
sions with each cell connected to the surrounding cells as 
illustrated in Fig. 1(a). The cell integrated to the ground 
appears as a square shape slotted 45° at its corners, with 
each square isolated from surrounding cells as depicted in 
Fig. 1(b). The aim of this paper is to enhance further the 
bandwidth and gain in a conventional microstrip antenna 
by applying a MTM periodic structure on the patch and on 
the ground plane. The proposed structure is simple in de-
sign, cost effective, and compact in comparison with most 
of the previous configurations. 

This paper is organized as follows: the introduction 
appears in Sec. 1, the MTM unit cell configuration is illus-
trated in Sec. 2. The proposed antenna design and configu-
ration are presented in Sec. 3. The parametric study for the 
proposed antenna is described in Sec. 4. Section 5 discusses 
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Fig. 1.  Geometry of the proposed UWB antenna. 
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Fig. 2.  MTM unit cells: (a) X-shaped cell, (b) square shaped 
cells with cleft vertices, (c) 3D view of the first and 
second unit cells aligned vertically, (d) cell modeling 
on CST with boundary setup, (e) S-parameter of MTM 
unit cell configuration of (c), (f) permittivity, r, (g) 
permeability µr, and (h) refractive index, n. 

the measured data obtained and their comparison with the 
simulated values. Finally, Section 6 concludes this work. 

2. MTM Unit Cell Design and 
Operation 
Figure 2 illustrates the geometry of the proposed 

MTM unit cells. Figure 2(a) depicts the first unit cell of 
an X- or star-shape. The second unit cell forms a square 
with its vertices cleft as shown in Fig. 2(b). To clearly 
understand how both cells work together, a 3D unit cell 
was constructed on FR4 substrate of 1.6 mm thicknesses, 
with the first unit cell on top and the second cell at the 
bottom. Both cells were positioned on both sides of the 
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substrate with corresponding top and bottom cells in good 
vertical alignment as shown in Fig. 2(c). The 3D unit cell 
was modeled on the CST software based on time domain 
solver and all cell dimensions were optimized to resonate at 
22 GHz, which was close to the higher edge of the desired 
frequency range of the UWB antenna proposed in this 
paper to extend the band width as much as possible.  

To investigate the behavior of the proposed unit cell 
as a symmetric periodic structure, two waveguide ports 
were used and perfect electric and perfect magnetic bound-
ary conditions were set as illustrated in Fig. 2(d). The 
boundary conditions are appeared either in the walls of the 
wave-guiding system or along the propagation direction. 
The scattering matrix analysis in the time domain is used in 
this analysis, which is able to produce broadband results. 
The set of transfer function between the input and output 
ports of the unit cell is capable to illustrate its macroscopic 
performance as an inhomogeneous symmetric periodic 
structure, where the appearance of higher order modes is 
systematically ignored [19].  

The simulated S-parameters of the modeled MTM 
unit cell on CST MWS are shown in Fig. 2(e). Based on the 
algorithm presented in [20], the relative permittivity and 
permeability characteristics as well as the refractive index 
of the modeled unit cell are extracted from the scattering 
parameters as illustrated in Figs. 2(f), (g), and (h), respec-
tively. It can be observed that the proposed cell behaves as 
a MTM structure with negative index of refraction at the 
designed frequency. The optimized unit cell dimensions in 
mm were as follows: Lx = 4, Wx = 4, Xo = 1.96, X1 = 1.39, 
X2 = 0.8, X3 = 1.4, X4 = 0.3, LS = 3.6, S1 = 0.7, S2 = 0.2. 
Following this, 2D periodic patterns formed by the recur-
rence of the first unit cell along two axes were incorporated 
on the patch, keeping each unit cell connected with all 
other cells surrounding it. Another 2D periodic geometry 
obtained by repeating the second unit cell was integrated in 
the ground plane. Here, each cell was isolated from all 
surrounding cells by slots of 0.4 mm width. The design 
configuration using these 2D periodic structures were in-
vestigated in detail to design our extended bandwidth UWB 
antenna, as described in the next section. 

3. Antenna Design and Configuration 
Figure 1 shows different perspectives of the proposed 

antenna structure. Commercial 27.6 × 32 mm2 FR4 of 
1.6 mm thickness, 4.5 relative permittivity and 0.02 loss 
tangent was selected as the substrate. A microstrip inset 
feed in the patch is used to attain superior impedance 
matching between the transmission line and the patch. 
Thus, the patch returned insignificant amount of incident 
energy at its operating frequency. Thereafter, the concept 
of metamaterial-based periodic structure was explored to 
achieve ultra-wideband performance and diminutive an-
tenna size. One X-shaped unit cell was designed and then 
repeated periodically in two-dimensions for embedment in 
the patch. Another unit cell, a square with cleft vertices, 

was designed and then converted into a 6  7 planar peri-
odic structure for incorporation in the ground plane. The 
electric field which was perpendicular to the surface of the 
antenna excited the electrical responses of the MTM unit 
cells. Suitably loaded, the 2D periodic patterns increased 
the current path within the patch area. The values of the 
antenna parameter were as follows: WS = 27.6, LS = 32, 
WP = 12.4, LP = 16.4, LF = 8, WF = 2.8, Lg = 8, D = 14.8, S = 
0.4 (all dimensions in mm). The patch was excited using 
a microstrip feed line with a width of 2.8 mm and length of 
8 mm to ensure 50 Ω impedance matching. The metals of 
the feed line and of the ground plane underneath the feed 
line were not etched to protect the transmission consistency 
of the input energy. The 2D patterns in the upper patch and 
ground plane in this antenna design were coupled to form 
a capacitive-inductive equivalent circuit. Radiation along 
the direction of the plane of the patch increases when the 
backward wave induced is travelling along the plane of the 
patch. This antenna was designed to enhance the horizontal 
radiation, and also to expand the bandwidth by coupling the 
ground plane with the substrate and pattern in the radiating 
patch. The design and simulation were completed under 
a CST Microwave Studio environment.  

4. Parametric Study 
To examine the effects of the geometric variables in 

our design, a full parametric dimension study was per-
formed in order to nominate parameters for evaluation, 
specify each parameter range, define the design limitations, 
and analyze the results of each parameter variation. When 
the configurations were generated, we evaluated our simu-
lations before further refining the parameters according to 
the design constraints until the results were satisfactory. 
First, the feed line position with respect to the patch was 
optimized to match the transmission line to the patch per-
fectly. Then, the ground plane length was adjusted to ob-
tain the widest possible bandwidth. The optimized design 
without further enhancement by additional techniques is 
shown in Fig. 3(a). After that, each type of cells has been 
studied individually. The first cell (X-shape) was incorpo-
rated in the patch periodically as shown in Fig. 3(b) to give 
an acceptable response over the band from 3.2 to 12.3 GHz. 
Then the second cell was integrated in the ground plane as 
depicted in Fig. 3(c) to cover a frequency range from 3.2 to 
17.7 GHz. The corresponding S11 for each case is displayed 
in Fig. 3(d). 

The novel MTM unit cells described in Sec. 2 were 
then incorporated on to both sides of the antenna to further 
extend the operating frequency range of the proposed UWB 
microstrip antenna. To ensure that the MTM unit cells used 
in the antenna behave as a symmetric periodic structure; 
the same boundary conditions described in Sec. 2 are em-
ployed where two waveguide ports were used and perfect 
electric and perfect magnetic boundary conditions were set. 
To understand the effect of the parameters used to improve 
the impedance bandwidth, we carried out a study where we 
varied various parameters in the MTM unit cell that had all 
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the parameters installed, changing only one parameter at 
a time. The parametric studies and surface current distribu-
tion helped us to understand the influence of the MTM 
cell’s dimensions on the antenna performance. The depth 
of the cleft in the vertices of the MTM unit cell imple-
mented in the ground (S1) in conjunction with the fork in 
the vertices of the MTM unit cell implemented in the patch 
(X1) depicted in Fig. 2(a) and (b) were investigated here to 
determine the optimal values for best performance. 
Figure 4 shows results for S1 = 0.5 mm and various values 
of X1, while Figure 5 gives the results for S2 = 0.7 mm. As 
the cleft depth (S1) decreased, some of the frequencies were 
found to be out of range. The same outcome was observed 
when the value of X1 was increased above 1.4 mm. The line 
width and slot width were limited by the technology avail-
able, which was 0.2 mm. The optimal value obtained for X1 
was 1.4 mm. 

 
              (a)                                  (b)                                        (c) 

 
(d) 

Fig. 3. (a) Conventional MSA without further enhancement, 
(b) MSA when creating the 2D MTM unit cells only in 
patch, (c) when implementing the 2D MTM unit cells 
only in the ground, and (d) the corresponding S-pa-
rameters. 

 
Fig. 4.  Effect of varying the length X1 at S1 = 0.5 mm. 

 
Fig. 5.  Effect of varying the length X1 at S1 = 0.7 mm. 

 
Fig. 6.  Surface current distribution on the top layer of the 

proposed antenna. 

 
    Measurement setup                 Top view                      Bottom view 

(a) 

 
(b) 

 
(c) 

Fig. 7.  Proposed UWB microstrip antenna: (a) Photographs of 
the fabricated model, (b) S11 curves; simulated and 
measured, (c) voltage standing wave ratio (VSWR). 
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The distribution of the surface current on the top layer 
of the proposed antenna is displayed in Fig. 6 for different 
selected frequencies of 4 GHz, 13 GHz and 21 GHz. It was 
observed that at the lower frequency (4 GHz), the surface 
current was concentrated mostly at the near edge of the 
radiating element with the radiation being more prominent 
there. At frequencies 13 and 21 GHz; the far edge of the 
radiating element contributed considerably to the radiation. 
 

5. Measurements and Discussion 

The proposed antenna was fabricated using a CNC 
machine on commercially available low-cost FR4 substrate 
and tested successfully using the Agilent Technologies 
Microwave Network Analyzer. The dimensions of the 
fabricated model were as stated in Sec. 3. Figure 7(a) 
shows a photograph of the fabricated antenna prototype as 
well as the measurement setup. The measured S-parameters 
compared to the simulated counterparts are illustrated in 
Fig. 7(b). It can be seen that the simulated and measured 
results were generally in good agreement although there 
were some discrepancies between the experimental and 
simulation results due to manufacturing tolerances and 
variations in material characteristics of the sample used. 
The voltage standing wave ratio (VSWR) defined as 
(1 + ǀΓǀ)/(1 – ǀΓǀ), where Γ indicates the reflection coeffi-
cient, would serve as a good indicator as to whether the 
system worked efficiently over the range of operating fre-
quencies. The fabricated test antenna maintained VSWR 
values lower than 2 over the whole operating frequency 
range as shown in Fig. 7(c). This could be considered 
a good reference value for engineering applications to 
ensure acceptable impedance matching by using the 
concepts of edge feed. 

The fabricated antenna was compatible with a wide 
range of frequency, ranging from 3.2 GHz to over 
23.5 GHz. It had a good impedance bandwidth of 173%, as 
calculated by the following equation:   

  H L

C

 % 100%
f f

BW
f


    (1) 

where fH is the upper band frequency, fL is the lower band 
frequency base on –10 dB criteria, and fC is the center 
frequency with the relation fC = (fH + fL)/2. 

The 3-D radiation patterns of the proposed antenna at 
various selected frequencies of 4.6, 10.2, 17, and 23.6 GHz 
are presented in Fig. 8. Because of the left-handed trans-
mission characteristics, maximum radiation occurred over 
the horizontal direction in lieu of the vertical direction as in 
case of the conventional patch antenna. It was noted that at 
the lower frequencies such as 4.6 GHz, the maximum radi-
ation was along the vertical direction with some tilt to-
wards the xy-plane. At the higher frequencies, however, the 
maximum concentration of the radiation was along the x-
direction as in the cases of 7 and 10.2 GHz. At the highest 
frequencies, the radiation conformed to the higher order 

modes that were responsible for the splitting of radiation 
lobe. Hence, at 10.2 GHz, the main beam splitting was 
found with the direction of radiation intensity along the x-
direction. On the other hand, at frequencies 17 and 
23.6 GHz, the maximum radiation began to be oriented 
vertically again. The proposed antenna showed a stable 
radiation pattern over the entire frequency range of interest. 
The radiation pattern was found to be almost omnidirec-
tional in the H-plane, which is of most interest for wireless 
communication systems. 

@ 4.6 GHz

@ 10.2 GHz

@ 17 GHz

@ 23.6 GHz

Fig. 8.   3-D radiation pattern at different frequencies within the band. 
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The simulated and measured antenna gain and 
efficiency over the interested frequency band are plotted in 
Fig. 9(a) and (b), respectively by taking the step width of 
0.2 GHz frequency to provide an insight on the variations 
in gain as the frequency varied. The maximum realized 
gain obtained was about 6.2 dB at the frequency of 
8.7 GHz. In fact, a substrate with lower permittivity and 
lower loss tangent than the substrate used in the present 
study would have provided further improved radiation 
properties in terms of gain and efficiency. 

As it can be observed from Fig. 9(a), a negative gain 
at some frequencies is obtained; this can be explained in 
context:  for fixed excitation, a constant amount of power is 
distributed to all frequency bands. Therefore, a sufficient 
amount of power is not there to excite different mode effi-
ciently. Due to that reason, gain (and cross-pol level also) 
becomes low for the UWB antenna. The fact is that the 
gain bandwidth product for any antenna is a critical param-
eter. For a large gain, we should get narrow bandwidth and 
the reverse is true. So, we would not say there is a use for 
negative gain since we almost always want the most signal 
possible. But sometimes a negative gain is inevitable. 
However, gain is considered as one of many parameters 
that go into antenna design. Sometimes, we need antennas 
to be really small. Sometimes we need antennas to be 
lightweight. Or we need antennas to be highly directive, so 
they have positive gain in some directions but will have 
negative gain in other directions. 

 
(a) 

 
(b) 

Fig. 9.  Variation of (a) gain, and (b) efficiency with frequency. 

To further verify the results derived from the 2D field 
pattern, the yz-plane and xz-plane at selected resonant fre-
quencies for the proposed antenna are simulated and meas-
ured using the Satimo StarLab near-field antenna meas-
urement setup ranging from 800 MHz to 6 GHz and from 
6 GHz to 18 GHz as shown in Fig. 10. The measured E- 
and H-fields are displayed in Fig. 11. For the left-handed 
transmission characteristics of the metamaterial incorpo-
rated within the antenna, a monopole-like behavior of the 
antenna was observed at the lower frequencies. When the 
frequency increased, the radiation lobe split due to the 
higher-order modes. The presented result of the patch an-
tenna highlights an advantageous characteristic in that it is 
able to transmit signals directionally for beam control. 

As a final step to verify the proposed antenna in this 
paper, a comparison between this work and previous works 
from literature in terms of the antenna total occupation 
area, substrate used, bandwidth and antenna gain is summa-
rized in Tab. 1. As it could be observed from the data re-
ported in the table, the proposed antenna in this paper has 
small or comparable total area to the others. Although, this 
antenna is built on a non-expensive substrate, it has sub-
stantial gain and quite extended bandwidth wider than the 
others that considered in this comparison. 

 

 

   Fig. 10.   Measurement setup in the Satimo StarLab at STCE, Cairo. 
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@ 4.2 GHz @ 9.2 GHz 

@ 14.4 GHz @ 18 GHz 

Fig. 11. Measured 2-D radiation pattern at the selected resonant 
frequencies. 

 

Ref. Size (mm2) Substrate 
Bandwidth 

(GHz) 
Gain 
(dB) 

This 
work 

27.6 × 32 
FR4 (εr = 4.5, tan δ 
= 0.02, h = 1.6 mm) 

3.2–23.9 6.5 

[21] 27.6 × 31.8 
FR4 (εr = 4.5, tan δ 
= 0.02, h = 1.6 mm) 

3.3–17.4 6.9 

[22] 23 × 24 
Rogers RT5880  
(εr = 2.2, tan δ = 

0.0009, h =1.6 mm) 
3.9–8.2 5.01 

[23] 18.97 × 27.17 
FR4 (εr = 4.6,  
h = 1.6 mm) 

3.07–19.91 8.5 

[24] 28 × 32 
FR4 (ɛr= 4.4,  

h = 0.794 mm) 
3.3–12 5.8 

Tab. 1. Comparison between this work and previous work.   

6. Conclusions 
The main objective of this work is to design and de-

velop a compact, less complex UWB microstrip antenna 
which exhibits extended bandwidth. The design involves 
two important aspects, namely the 2D X-shaped periodic 
pattern on the radiating element and 2D periodic pattern of 
squares with cleft vertices in the ground plane. The pro-
posed antenna has a wide –10 dB impedance bandwidth, 
ranging from 3.2 GHz to just over 24 GHz (more than 
170%). The radiation characteristics of the antenna pre-
sented give maximum radiation in the plane of the patch 
and tend towards a directional radiation pattern as the fre-
quency increases, thus producing high gain at the higher 
frequencies. The attained results have been thoroughly 

reviewed to validate the performance of the fabricated 
antenna. Measurement results were found to be in close 
agreement with the computer simulations. Compared to 
traditional UWB antennas, the proposed design is a good 
candidate for various UWB applications owing to its 
unique radiation characteristics. 
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